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ABSTRACT

Real-Time Virus Analysis via Image Charge Detection
Surface Induced Dissociation Tandem Mass Spectrometry

Seth Call
Department of Chemistry and Biochemistry
Master of Science

This thesis reports on the development of a novel mass spectrometer combining
image charge detection with surface induced dissociation for real-time analysis of intact
viruses. Protonated viruses produced using electrospray are accelerated and subsequently
impact on a solid surface. Capsid peptides released during the impact are analyzed using
time-of-flight mass spectrometry. Image charge detection is used to measure the mass
and charge states of structurally intact, electrosprayed viruses prior to impact. Since virus
capsids are composed of loosely-bound proteins, collision of viruses with surfaces at
moderate impact energies could release intact proteins. The masses and numbers of
different protein types combined with the mass of the intact virus represent a unique
signature useful for accurate, real-time virus identification.

The progress of instrumentation developed thus far is reported. Techniques were
developed for electrospraying intact viruses, including electrospray capillaries with small
tips and methods for achieving complete desolvation. Significant reduction of lowfrequency and other noise was achieved in the image charge detector as well as
determination of accurate methods for mass and charge measurement. Improved focusing
and transmission efficiency was achieved via an aerodynamic lens. Suitable surfaces
were also obtained including conductive diamond and fluorinated self-assembled
monolayer (SAM) surfaces.
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CHAPTER 1
REVIEW OF MASS SPECTROMETRY AND SURFACE INDUCED
DISSOCIATION AS RELATED TO VIRUS DETECTION

1.1

Introduction
Mass spectrometry (MS) is an analytical technique for determining the elemental

composition and bonding pattern of complex molecules. It is used to analyze simple
molecules containing only a few atoms and also many-atom molecules such as proteins.
The components of a mass spectrometer include an ion source, a mass analyzer, and a
detector. Ion sources create negatively or positively charged sample molecules (ions) and
sometimes also fragment the sample. Mass analyzers separate ions based on their massto-charge ratio. Detectors then count the number of ions of different mass-to-charge
ratios producing a mass spectrum.
Tandem mass spectrometry uses multiple stages of MS by selecting sample ions
with a particular mass-to-charge ratio, performing additional fragmentation of these ions,
and measuring the mass-to-charge ratios of the sub-fragments.18,26,54,83 These subfragments are referred to as product or daughter ions, and the ion from which they
originated is referred to as the precursor or parent ion. Tandem MS instruments can be
performed with multiple stages in space or time. Tandem MS in space involves the
physical separation of MS stages, and separation in time requires storing ions in an ion
trap between MS stages. Tandem MS is used to analyze large, complex molecules that
require multiple rounds of fragmentation for chemical analysis. A peptide sequence tag
resulting from a peptide tandem mass spectrum is used to identify peptides in a protein
database.70
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In-source fragmentation occurs when a sample is first ionized. Post-source
fragmentation is used between MS stages. The most-used post-source fragmentation
method is collision induced dissociation (CID),54,83,102 in which the sample collides with
multiple neutral gas molecules. Another method is surface induced dissociation (SID), in
which the sample collides with a surface. SID has some advantages over CID. First,
surfaces have a greater mass than gas molecules, enabling SID to provide more singlestep energy for fragmentation.104 Second, with SID the energy is provided in a few
picosecond,37,42,54 while CID requires multiple collisions that slowly heat the sample. This
slow heating provides time for energy in excited vibrational states to be redistributed,
resulting in bond rearrangements and competitive fragmentation pathways29,104 that create
problems in the analysis. Third, with SID the amount of energy transferred to the sample
has a much narrower distribution than with CID, since CID cannot tightly control the
number of collisions.29,37,104 Also, SID is beneficial for protein analysis because it can
differentiate leucine from isoleucine and glutamine from lysine by varying the amount of
kinetic energy of the sample prior to surface collision, something not possible with
CID.21,29,37,54,83,104
In addition, ion/surface collisions make possible experiments that cannot be
performed with CID. For example, viruses are one type of large biomolecule with capsids
composed of multiple proteins loosely bound together. Previous studies show that whole,
intact viruses can be ionized and weighed with electrospray ionization mass
spectrometry.13,27,34,35,58,82,89,92 The weak-weak interactions between proteins suggests that
collisions of ionized viruses with surfaces can provide additional structural information.
The type of surface/virus interaction depends on the type of virus, its size and shape, its
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velocity, and the surface. Some possible virus/surface interactions37 as a function of
velocity are indicated in Figure 1.

Surface Interaction
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Figure 1. Possible virus/surface interactions at different impact velocities.

Charged viruses can undergo elastic scattering in which they bounce off the surface with
no permanent change in virus capsid structure. They can undergo soft landing in which
they adsorb to the surface. The weak-weak interactions between protein subunits can be
broken, producing whole protein fragments. At higher velocities, covalent bonds within
the proteins themselves can break. Production of whole proteins fragments is particularly
useful. For example, many viruses are composed of multiple protein types each with a
different mass and number of proteins. These protein masses and number ratios provide
structural information about the virus and represent a unique signature useful for
accurate, real-time virus identification. Such an experiment is best done with a method
like SID that can provide more single-step collision energy in a much shorter time and
that produces a narrower distribution of kinetic energies.
This report discusses a novel SID mass spectrometer capable of analyzing large
biomolecules including viruses. This instrument produces intact, ionized samples via
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electrospray ionization and performs an initial mass and charge measurement using
image charge detection.11,13,33,34,35,59,66,77,79,91,108,109 The sample then collides with a surface and
the mass-to-charge ratios of the released peptides are analyzed with a time-of-flight mass
spectrometer. This research is a form of tandem MS in that two mass-to-charge
measurements are made with fragmentation between measurements. It differs from
traditional tandem MS in that it does not seek to determine the elemental composition and
bonding pattern of complete molecules by breaking covalent bonds. It instead seeks to
identify masses of whole proteins contained within virus capsids. In addition, the first
mass-to-charge measurement is not preceded by fragmentation, which is often the case
with tandem MS. This research also differs in its use of image charge detection, which
can measure the mass-to-charge ratios of very massive, highly-charged samples. This
overcomes the limitations many MS instruments have in analyzing high-mass, highly
charged molecules.13,34, 35
This first chapter reviews literature on general techniques in tandem mass
spectrometry with an emphasis on SID. The second chapter discusses current methods for
virus detection and reviews previous studies where whole viruses were analyzed using
mass spectrometry. The third chapter discusses the instrument itself, with an emphasis on
design decisions, and how problems were overcome during its construction. The fourth
chapter summarizes the performance of the instrument.
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1.2

Ion Sources
The first component of a mass spectrometer is the ion source. Ion sources produce

gas-phase ions from solid, liquid, and gas-phase samples. Hard ionization processes make
unstable products that fragment into product ions, whereas soft ionization techniques
produce little or no fragmentation. Ionization methods typically used with gas-phase
samples include electron ionization and chemical ionization. With the hard electron
ionization or electron impact method, an electron passing through the sample knocks off
an additional electron from the sample, producing a radical cation. In the softer chemical
ionization method, sample ions are produced via collision with reagent gas plasma
molecules, typically methane, ammonia, or isobutene cations.
Ionization methods typically used with liquid or solid samples include MatrixAssisted Laser Desorption/Ionization (MALDI) and Electrospray Ionization methods,
both of which are soft ionization methods. The use of MALDI is quite common and was
considered for this experiment. In MALDI,73 the analyte is added to a matrix solution
prepared from crystallized molecules and often an organic solvent such as acetonitrile
and high purity water. The three typically used crystallized molecules are 3,5-dimethoxy4-hydroxycinnamic acid (sinapinic acid), α-cyano-4-hydroxycinnamic acid (alpha-cyano
or alpha-matrix) and 2,5-dihydroxybenzoic acid (DHB). The analyte is added to this
matrix, spotted on a metal plate, and the solvent evaporates leaving a re-crystallized
matrix-analyte mixture. Ionization is triggered with an ultraviolet or near infrared laser,
creating ionized analyte molecules. The performance of MALDI depends on many
factors. First, the matrix must dissolve the analyte and must be able to transfer charge to
the analyte during the ionization process. Also, choosing a matrix that will absorb the
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laser light is important. Second, inorganic salts that are often part of protein extracts can
interfere with analyte ionization. While these salts can often be removed via washing or
solid phase extraction, these methods can also remove other components in the analyte.
Third, the type of laser and manner in which it is used also affect results. The laser
frequency, pulse width, and incident angle affect MALDI’s performance. Moving the
position of the laser after each pulse is also necessary for quantitative analysis. Although
MALDI has been used for analysis of large biomolecules including viruses,90 it was not
chosen for this experiment since it requires significant amounts of sample. Previous
studies also show that electrospray ionization is well suited for ionizing whole, viruses in
an intact form.13,27,34,35,58,82,89,92
Electrospray Ionization (ESI) is a widely used ionization technique in proteomics
and drug discovery because it is a universally-applicable, soft-ionization technique. In
ESI,23,28,41,44,45,47,66,85 analytes are first dissolved in a solvent composed of water and a
volatile organic compound such as methanol or acetonitrile. To better enable the solvent
to carry positive charge, the pH of the solution is often reduced with an organic acid such
as trifluoroacetic acid (TFA). This mixture is pumped through a needle, often composed
of a conductive material, which is placed a short distance from the target. A high, usually
positive, voltage is applied to the needle, and as the liquid reaches the end, micron-sized,
charged droplets form and spray toward the target. The spray is cone-shaped and is called
a Taylor cone. High-flow-rate applications also often evaporate solution from
electrospray droplets via an inert, heated nebulizing gas such as N 2. As electrospray
droplets enter the vacuum chamber, some setups require that they pass through a capillary
that can be heated to further desolvate electrospray droplets.
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As with MALDI, the electrospray process itself has not been fully explained. Two
theories seeking to describe the process are (1) the charged residue model (CRM)23,28 and
the newer (2) ion evaporation model (IEM).23,41 According to CRM, as solvent evaporates
from an electrospray droplet, the charge on the droplet remains. When evaporation
produces a sufficiently small droplet, the charge decreases the surface tension until the
Rayleigh limit is reached. When this happens, the droplet becomes unstable, deforms, and
emits charged jets in a process known as Rayleigh fission. Cycles of evaporation and
fission continue until the remaining droplets have at most one analyte molecule per
droplet. Evaporation leaves charged analyte particles with the same charge as their parent
droplets. CRM predicts high charge states for analyte molecules. High numbers of
charges are important for virus detection, with one charge per peptide being desired for
m/z measurements. The theory of IEM is similar, except it is more applicable to very
small analyte molecules. In this theory, it is not until droplets reach a small radius, R < 10
nm, that the ion evaporation process becomes dominant.
Two problems with electrospray are nozzle clogging and ion suppression. Nozzle
clogging accompanies the use of small tips necessary for reducing initial electrospray
droplet sizes. Ion suppression is a reduction or elimination of ionization due to
contaminants in the solvent. Research suggests47 that contaminants may increase the
surface tension and/or the boiling point of the solvent which could decrease solvent
evaporation efficiency and inhibit offspring droplet formation.
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1.3

Mass Analyzers
The second component of a mass spectrometer is the mass analyzer. Mass

analyzers separate ions based on their mass-to-charge ratio (m/z) using electric or
magnetic fields. The motion of particles can be described using the Lorentz force law and
Newton’s Second law:


F


q(E

 

v B) ma


d 2x
m 2
dt

(1)

where were F is the force on the particle, q is particle charge, E is the electric field, v is
the particle velocity, B is the magnetic field, m is mass, and a is acceleration.
Some common types of mass analyzers include magnetic sector, time-of-flight,
quadrupole, and Fourier transform ion cyclotron resonance, and ion traps. Magnetic
sector mass analyzers15 bend the trajectory of ions using magnetic fields, and then select
ions with a particular mass-to-charge (m/z) ratio or scan through ions with a range of m/z
ratios. Time-of-flight instruments7,60,61 accelerate all ions through the same electric field.
Their kinetic energy after acceleration through this field is given from the conservation of
energy and the definition of voltage (V

U

qV

U/q) as:49

1 2
mv
2

(2)

where U is kinetic energy, V is voltage, and v is particle velocity. Assuming all ions have
the same charge, they will have the same kinetic energy, but their velocities will depend
on their mass. All ions travel the same distance, so the travel time can be used to
calculate their velocity and then mass. Reflectron time-of-flight instruments achieve
increased resolution by causing higher-kinetic energy ions to travel further distances to
reach the detector.7,60 Quadrupoles63 have four parallel rods with opposite pairs of rods
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having the same voltage oscillating at a radio frequency rate. Quadrupoles stabilize or
destabilize the paths of ions passing through the rods based on their m/z ratio. Only ions
with a particular m/z ratio reach the detector, so a quadrupole can select ions with a
particular m/z ratio, or the voltage can be continuously varied to scan through ions with a
range of m/z ratios. In a Fourier transform ion cyclotron resonance mass spectrometer
(FTICR-MS),54,63 ions reside in a Penning trap where they cycle in a fixed magnetic field.
An oscillating electric field perpendicular to the magnetic field excites ions to a larger
cyclotron radius and causes ions to move in phase with one another. The image current
from these ions is measured, with particles of a particular m/z ratio producing a sine wave
of a particular frequency. This superposition of sine waves from different particles is
deconvoluted via a fast Fourier transform (FFT), producing the frequencies and
intensities of the different sine waves. Such an instrument produces very high precision
results. Because of the mass defect of the elements, such high precision instruments can
distinguish between compounds having different chemical formulas but the same nominal
mass.
Three dimensional ion traps were invented in 1953 by Paul who won the 1989
Nobel Prize for his work enabling studies of single ions and even single electrons with
high precision.93 Since their invention, ion traps have been developed with many different
designs and have played an important role in MS. Ion traps can act as both a storage
device and as a mass analyzer. Current tandem ion trap instruments are small, relatively
inexpensive, have high sensitivity, and are capable of performing many rounds of MS on
a sample.107 Ion traps have a high mass range and variable mass resolution. They are also
able to operate at a higher pressure, usually around 1 mtorr, which does not require

9

differential pumping. In smaller ion-trap designs, ion trajectories involved in mass
analysis are shorter, enabling even higher operating pressures to be used. Collisions of
ions with background gases such as helium can also increase the resolution. Recently,
cylindrical ion traps (CITs) with simple geometry, have been developed as miniature
mass analyzers.8 Miniaturization of ion traps has also been a focus for magnetic, 50,80,81
time-of-flight,14,31 quadrupole,32,71 and even FT-ICR68 mass spectrometers.

1.4

Detectors
The final component of a mass spectrometer is the detector. Detectors count the

number of ions with different mass-to-charge ratios. Electron multipliers are the most
common type of detector. They consist of several sets of metal plates at different
voltages. When an electron hits the first plate, a process called secondary emission causes
roughly one to three electrons to be emitted. These electrons hit the second plate, and
even more electrons are emitted. This process continues, until the signal reaches
detectable levels. A common type of electron multiplier used in MS is the MicroChannel
Plate detector (MCP)30,53 which amplifies signals from positively charged particles.
Position-sensitive MCP detectors have also been developed.69 Faraday cups10 and
scintillator detectors30 are also sometimes used.

1.5

Fragmentation Methods in Tandem Mass Spectrometry
Tandem mass spectrometry uses multiple stages of MS with some type of

molecular fragmentation between stages.18,26,54,83 For example, if an initial mass spectrum
showed fragments A, B, and C, a second round of MS could select the B fragment and
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show the sub-fragments or product ions. Tandem MS instruments can be constructed
from multiple physical stages in space or within a single MS stage that traps and stores
ions for analysis at a future time.
The most common fragmentation method is collision induced dissociation (CID)
or collisionally activated dissociation (CAD)54,70,83,102 in which the selected ion collides
with neutral, inert gas molecules such as helium, argon, or xenon. Many proteins have
been analyzed using CID tandem MS, and spectra or “protein sequence tags” of many
proteins are available in searchable databases.70 Another very common method is
photodissociation with UV or infrared lasers.54,83 The infrared multiphoton dissociation
(IRMPD) technique is similar to CID in that it involves slow heating of the sample. In the
case of proteins, heating with IRMPD may require as much as half a second.83 Other
methods include electron capture dissociation (ECD)83 where the selected ion absorbs a
free electron, and electron transfer dissociation (ETD)67 where the selected ion absorbs an
electron after colliding with a radical anion. Another method is surface induced
dissociation (SID) in which the selected ion collides with a surface. The research
presented here has focused on SID, since it provides more single-step energy for collision
in a much shorter time scale compared to CID. The energy available in CID is given
by:104

ECOM

MN
M ION

MN

E LA

(3)

where ECOM is the center-of-mass energy, ELAB is the laboratory collision energy, and
MION and MN are the masses of the projectile ion and neutral respectively. As indicated,
the laboratory energy that can be transferred to the internal modes of the projectile ion is
limited by the mass of the neutral. Even with a heavy neutral such as xenon, its high
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average isotopic mass of 131.30 Da is small compared to a kDa or MDa protein. With
SID, if one assumes the mass of the surface is infinite, then

ECOM

MN
M ION

MN

1 and

ELA . While the surface mass is not infinite, it is much larger than xenon. CID

overcomes this with multiple collisions, though this slow heating of the sample often
results in competitive fragmentation pathways and rearrangement products.29,104 SID also
transfers energy much faster, with surface/projectile ion interactions occurring on the
order of picoseconds or less.37,42,54 Activation of large biomolecules such as viruses with
SID does not leave as much time for energy to be redistributed throughout the molecule,
allowing for more efficient fragmentation compared to CID. In addition, with CID the
distribution of energies transferred to projectile ions is much broader than with SID, since
CID cannot tightly control the number of collisions. SID also requires no gas load on the
instrument and does not require reproducing a specific gas pressure.

1.6

Surface Induced Dissociation
Surface induced dissociation (SID) has been well studied,1,12,21,24,29,42,54,76,78,104 and a

recent review article indicates37 that analyzed compounds include organic ions, aromatic
compounds, organometallic compounds, pseudohalogen ions, fullerenes, clusters,
furocoumarins, metalloporphyrines, dendrimers, and doubly charged ions. Studies with
SID tandem MS on proteins have also become increasing common.21,29,104 The use of SID
is advantageous over CID for protein analysis because of lower detection limits and
easier cleavage of charge-remote sidechains or charged sidechains not immediately near
the cleavage site.37 For example, varying the kinetic energy of the peptide creates
observable differences in fragmentation patterns, allowing differentiation of leucine from
12

isoleucine and glutamine from lysine, thus facilitating peptide sequencing with
SID.21,29,37,54,83,104
This section will discuss some of the major types of ion/surface interactions and
the energy regimes in which these occur. Following this will be a discussion of
parameters affecting ion/surface interactions and of different types of surfaces. Finally
will be a discussion of why the current research has sought to analyze viruses with SID.

1.6.1 Energy Regimes and Ion/Surface Interactions
Many types of ion/surface interactions are possible depending on the projectile,
the surface, their chemical composition and charges, and the kinetic energy of the
projectile. This section describes common types of interactions and typical projectile
kinetic energies for each type. Four regimes for projectile kinetic energy can be
generalized as follows:37
1. Thermal range: < 1 eV
2. Hyperthermal range: 1–100 eV
3. Low energy range: 100 eV–100 keV
4. High energy range: 100 keV–100 MeV
The hyperthermal energy regime is of most interest in tandem MS as it contains energies
comparable to or greater than typical bond energies. Different types of surface/ion
interactions with their respective energy regimes are given in Table 1.37
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Table 1. Energy regimes of different ion/surface interactions.
Study/Process
Category(s)
General Range
Elastic Scattering
Thermal
< 1 eV
Physisorption
Thermal
< 1 eV
Dissociative Chemisorption
Thermal, Hyperthermal
< 10 eV
Soft Landing
Thermal, Hyperthermal
< 50 eV
Surface Induced Dissociation Hyperthermal, Low energy 1 eV – 100 keV
Ion/Surface Reactions (I/SR) Hyperthermal, Low energy 1 eV – 10 keV
Chemical Sputtering
Hyperthermal, Low energy 1 eV – 10 keV
Ion Implantation
Low energy, High energy 50 keV – 500 keV

With elastic scattering, the projectile bounces off the surface with no change in
the projectile or the surface. Closely related to this is quasielastic scattering where the
projectile, after bouncing off the surface, has excited vibrational or rotational modes
which are not sufficient to produce dissociation. Physisorption or physical adsorption is
the adsorption of a molecule to a surface via weak Van der Waals interactions.
Chemisorption is the adsorption of a molecule to the surface via interactions stronger
than Van der Waals forces. Dissociative chemisorption is the dissociation of molecules
after adsorption onto a surface. Typical examples include hydrogen, nitrogen, and oxygen
gas. In soft landing, the projectile adsorbs onto the surface intact, in a charged or
neutralized state. Surface induced dissociation is an inelastic scattering process in which
the projectile bounces off the surface with excited vibrational or rotational states
eventually leading to dissociation of the molecule into product ions. Ion/surface reactions
(I/SR) involve the exchange of material between the projectile ion and the surface. In
chemical sputtering the projectile impact causes charged material from the surface to be
ejected. Projectile ion implantation into the surface often accompanies sputtering.
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1.6.2 Parameters Affecting Ion/Surface Interactions
The most important factor affecting ion/surface interactions is the choice of the
projectile ion and the surface.37 Their charge, electronegativity, polarizability, shape, and
density are among some of the major factors influencing energy and charge transfer
efficiencies as well as reaction pathways. Another important factor is the amount of
vibrational and electronic coupling of the projectile and surface. For example, in one
experiment the change from a self-assembled hydrocarbon surface to the corresponding
deuterated surface caused a change favoring vibrational excitation over electronic
excitation in scattered fluorocarbon ions.6 The interaction time of projectile ion/surface
collisions is also influential. One study estimated the lower limit of this interaction time
on the order of femotoseconds,42 which is very short compared with the time scale of
molecular motion, such as complex chain deformation. This would suggest that only
electronic energy can be equilibrated during a collision process and that dissociation of
the projectile usually occurs after the collision. Experiments measuring both the velocity
and kinetic energy of product ions suggest, however, that this is not always the case.
Sometimes product ions have the same kinetic energy,17,75,78 while at other times they have
the same velocity.16,87,88 When dissociation occurs at the surface, all ions are accelerated
away from the surface by the same electric fields, giving them the same kinetic energy.
When dissociation occurs after the collision, product ions have the same velocity but
different kinetic energies. Another important parameter is the penetration depth of the
projectile ion during a collision, which is strongly related to the projectile’s kinetic
energy and the hardness of the surface. The incidence angle has also been considered in
relation to energy transfer efficiency. One molecular dynamics simulation showed78 that
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the internal energy of the excited projectile ion is not strongly dependent on incidence
angle, although a slight maximum exists at 45˚. This study also showed that vibrational
excitation predominates. The electronic, vibrational, and rotational states of the projectile
are also influential. Generally, translational energy is equally as effective at producing
dissociation as vibrational excitation.42 However, in the case of a late barrier where
stretching or bending of a particular bond is required to produce dissociation, vibrational
excitation is much more effective. Rotational excitation can also be effective if collision
orientation is important. The kinetic energies of product ions have been reported up to 15
eV, though most are only a few eV.37

1.6.3 Target Surface Composition
The composition of the surface and adsorbates added to the surface can influence
the neutralization probability, the sticking probability, the internal energy uptake, and the
nature of reactions during the collision.37 Adsorbates added and their coverage can
change the work function, 51 the energy52 and charge transfer efficiencies,48 and the density
of occupied vibrational states at the surface.96 When understanding the underlying process
of the surface collision is important, crystalline surfaces are often used as these simplify
their characterization in theoretical models. Similar studies of metal surfaces requires
cleaning the surface. Cleaning metal surfaces must be done in vacuum37 via high energy
argon or oxygen ion beam to remove adsorbates followed by flashing the surface at a
temperature above 1000 K. One disadvantage of metal surfaces is their low work function
and thus high charge transfer efficiency which can cause neutralization at the surface
upon impact. Surfaces or adsorbates should be chosen carefully to avoid neutralization
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with SID. Organic adsorbates with high ionization energies meet this requirement, with
functionalized hydrocarbon self-assembled monolayers (SAMs) being the most common.
A SAMs surface consists of a functionalized hydrocarbon covalently bounded via sulfur
to gold or silver. The use of gold or silver changes the tilt angle of the chains and affects
the microscopic incidence angle, whereas the length of the chains determines the
hardness of the surface and hence the amount of translational energy transferred to
internal energy.43,86 Fluorocarbon SAMs surfaces have seen increasing use.37 These
surfaces resist contamination by water vapor and other components in the air and have
high ionization energies of about 14 eV, which minimizes neutralization.

1.6.4 SID Mass Spectrometry of Viruses
This section will begin with a brief description of viruses, followed by a review of
previous mass spectrometry studies of whole-virus, and then a discussion of how the
present research seeks to extend this work with tandem MS approaches. Viruses are submicron sized particles that infect animals, plants, and bacteria. Unable to replicate by
themselves, viruses infect a host cell and use the cell’s machinery to replicate themselves.
A single virus particle, called a virion, is composed of DNA or RNA, enclosed in a
protective protein container called a capsid. Viruses come in different shapes including
helical (long and narrow), icosahedral (polyhedral or nearly spherical), enveloped (with a
phospholipid bilayer), and complex which may have a head and tail. Viruses are
classified by the types of life forms they infect.
The life cycle of viruses varies greatly between species although six common
stages22 are cell attachment, penetration, uncoating, replication, assembly, and release
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from the cell. In cell attachment, a virus recognizes its host and attaches itself to the host
cell’s surface. The specificity with which a virus recognizes its host cell determines
which types of cells the virus can infect. Virus recognition is specific to ensure that a
virus doesn’t infect cells in which it cannot replicate itself. Many viruses penetrate the
cell using receptor mediated endocytosis or membrane fusion. Once inside, the capsid or
protective protein coat is dissolved by viral enzymes or host enzymes thereby releasing
the viral DNA or RNA. Other viruses, such as T4, inject their DNA from outside the cell.
The cell reads the viral DNA or RNA and produces protein components for making new
virions. Assembly is the process by which these protein components join together to
make a new virion. Once assembled, viruses leave by killing the cell (lysis) or by
budding. Enveloped viruses such as HIV perform budding to obtain a phospholipid
bilayer from phospholipids in the cell’s wall.
One important characteristic of viruses is the relatively weak bonds that hold
together their capsid containers. The bonds between capsid proteins must be strong
enough so viruses can survive between host cells, but weak enough so capsids can
assemble and disassemble inside the host cell. In the Hepatitis B virus (HBV), the energy
of interaction between protein subunits has been measured20 for the icosahedral T = 4
capsid.103 For this measurement, E. coli expressed HBV capsid protein equilibrated in
solution and concentrations of capsids and capsid subunits were measured via size
exclusion chromatography. HBV capsids are composed of 120 dimer subunits, and the
expression for the reaction is: 120 dimer ↔ capsid. The Gibbs free energy between
protein subunits was calculated using the following relationships:

Kcapsid

[capsid] /[dimer]120

(4)
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K capsid

Gcontact
where

j

j

(5)

si K contact

(6)

RT ln(K contact )

si is a statistical term describing the degeneracy of association based on

capsid geometry and has a value of 2119/120. The Gibbs free energy between protein
subunits was measured between –2.9 and –4.4 kcal/mol. This Gibbs free energy
decreased, and the formation of capsids increased with increasing temperature and salt
concentration. Values of ΔG, ΔH, ΔS, and ΔCp of association were also measured using
the method of Baker and Murphy.9 These results revealed that the enthalpy, ΔH, of this
reaction is positive. A negative Gibbs free energy occurs because in the relationship
G

H T S the change in entropy, ΔS, is positive. The positive changes in enthalpy

and entropy occur because of the loss of hydrophobic surface during the reaction. Water
molecules more readily associate with other water molecules rather than hydrophobic
components of capsid proteins. While assembly of capsids from protein subunits causes a
local decrease in entropy, burying hydrophobic capsid protein surfaces causes solvating
water molecules to be released which increases the overall entropy of the system. Other
research suggests that entropy is important in assembly of tobacco mosaic virus, 84 cowpea
mosaic virus,25 and bacteriophage P22.25 Large patches of hydrophobic surface are
common in viral capsid proteins, suggesting that entropy-driving assembly is a common
characteristic of viruses.
Whole, intact viruses have been previously studied with electrospray ionization
mass spectrometry.13,27,34,35,58,82,89,92 These studies show that electrospray ionization can
vaporize, ionize, and introduce whole viruses into vacuum while maintaining their
structure and infectivity. In one study34 of rice yellow mottle virus (RYMV) and tobacco
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mosaic virus (TMV), the authors used an image charge detector to measure the mass and
charge states. Since TMV has a mass of 40.5 106 daltons and YRMV has a mass of

6.5 106 daltons, an image charge detector was necessary to provide a high mass-tocharge (m/z) upper limit. Their image charge detector consisted of a small metal cylinder,
connected to a charge-sensitive preamplifier, followed by an amplifier. As each
positively charged virus particle entered the cylinder, a negative peak was observed in the
detector signal. As each particle left the cylinder, a positive peak was observed. The time
between peaks was used to calculate the particle velocity. Since the particle was
accelerated with electric fields, the particle velocity was proportional to its m/z ratio. The
amplitude of the peaks was proportional to the particle’s charge. This simultaneous
measurement of the m/z ratio and z allowed a rough mass measurement of multiply
charged virus particles. The number of charges for TMV and RYMV varied between 300
and 1000 which puts the m/z ratio between 40.5 103 – 135 103 daltons/charge for TMV
and 6.5 103 - 21.7 103 daltons/charge for YRMV. Both of these are above the 2300
limit of the authors’ quadrupole mass spectrometer.
Previous studies have only measured the mass of whole viruses. Many virus
capsids, such as Hepatitis B, are held together by weak-protein interactions, suggesting
that these capsids could be easily fragmented by surface induced dissociation, yielding
observed peaks representative of the masses and numbers of proteins composing the
capsid. One well-studied virus is the Coliphage ΦX174.40 ΦX174 is icosahedral, with a
diameter of between 22nm at the depressions and 33 nm at the outermost edges of
projections or spikes. The masses and numbers of proteins in this virus are given in Table
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2, where the procapsid is formed without DNA inside, and the virion is a mature virus
complete with DNA.

Table 2. Protein structural components of ΦX174.
Polymer
Mol.wt (Da) No. in Virion No. in Procapsid
Single-stranded DNA 1.73 106
1
0
3
B protein
0
60
13.8 10
3
D protein
0
240
16.9 10
F protein
60
60
48.4 103
G protein
60
60
19.0 103
3
H protein
12
12
34.4 10
3
J protein
60
0
4.2 10
6
Virion
6.43 10
6
Procapsid
9.34 10
Our hypothesis is that the SID fragmentation pattern of viruses such as ΦX174 will yield
the masses of whole proteins composing the virus. Performing surface fragmentation of
viruses provides useful structural information and is a means of studying viruses. In
addition, the numbers and masses of different protein types represent a unique signature
for each virus and therefore could be used for real-time virus detection. Our research
seeks to explore the potential application of SID with viral analysis. Our research also
seeks to couple image charge detection with SID, with image charge detection providing
an initial mass and charge measurement of whole viruses, SID releasing protonated
capsid peptides, and a time-of-flight mass spectrometer analyzing the masses of these
peptides. The next chapter will review existing real-time virus detection methods, and the
chapter following will describe novel instrumentation coupling image charge detection
with SID.
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CHAPTER 2
EXISTING REAL-TIME VIRUS DETECTION METHODS

2.1

Introduction
Current methods for real-time virus detection vary in their speed and in the

quality of results they produce. According to a recent review,55 these include traditional
and advanced cell culture,65,72 antigen detection,38 nucleic acid tests (DNA or RNA), 101
optical methods,3,38 and microresonators.39 Important characteristics of a virus detection
system are fast processing time, sensitivity, specificity, and repeatability. Sensitivity and
specificity depend on the correctness of negative and positive results. Mathematically,
these are defined as:

(7)

(8)

Other desirable aspects of a detection system include universality of application to all
viruses, low requirements for operator expertise, low cost, and portability. This chapter
will begin with a discussion of the most mainstream methods and then move to newer,
less-used methods.
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2.2

Traditional Cell Culture
Cell culture with traditional tubes55 is the oldest and most widely used method for

virus detection. Typically, the sample is placed in multiple tubes with each containing a
monolayer of a particular cell type. The tubes are regularly examined under a standard
light microscope at usually 10

power for days or weeks depending on the sample

source and the suspected viruses. The effect of a virus on its host cells is called the
cytopathic effect (CPE) and is observed as a variation in the cell growth pattern.
Generally 2–6 tubes are required for testing each sample, and the CPE for most viruses is
observed within 5–10 days.
The influenza virus, parainfluenza virus, and mumps viruses do not have CPE’s
that are visible under the light microscope. These viruses, however, cause the production
of hemagglutinating proteins on the walls of their host cells. Such an infected cell readily
adheres to red blood cells, which is easily observable. Such a test of potentially infected
cells’ affinity for red blood cells is called a hemadsorption (HAD) test and is routinely
performed with results appearing in about twelve hours.
Though results from cell culture come slowly (5–10 days), they are very accurate
and are considered to be the gold standard. Cell culture methods also distinguish between
viable and non-viable viruses, since non-viable viruses will not infect cells. Cell culture
readily detects mutant virus strains, detects multiple virus types at the same time, and
produces isolates for future analyses.
Cell culture requires technical expertise in recognizing CPE’s in cells and in
purchasing and maintaining a variety of cell culture types. Generally the costs of
performing cell culture tests are low.
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2.3

Antigen Detection
Antigens are molecules derived from viruses, bacteria, and other pathogens that

stimulate an immune response. Specifically, antibodies bind with antigens and tag them
for attack by an organism’s immune system. Viral antigens can be detected inside and
outside the cell with immunofluorescence (IF) techniques55 which take 20–30 minutes. IF
techniques use fluorescein isothiocyanate (FITC)-labeled monoclonal antibodies (MAbs),
and the binding of MAbs to viral proteins produces fluorescence. IF techniques are very
specific and sensitive, though they are generally less sensitive than are cell cultures.
Exception cases include respiratory syncytial virus (RSV) and varicella-zoster virus
(VZV), in which IF is more sensitive than cell cultures, and adenovirus, in which IF is
much less sensitive. IF can not be used with some viruses, including polioviruses,
coxsackieviruses, and echoviruses in the “enterovirus” group. IF testing is considered to
be a demanding technique, and it is available only at advanced laboratories and rarely at
community hospitals. The success of IF depends on the virus being detected, specimen
type, age of the patient, time of sample collection after appearance of symptoms, MAb
reagents, and level of expertise of laboratory personnel. The main limitations of IF
include poor sensitivity for some viruses (adenovirus), poor availability of reagents for
some viruses, and the inability of IF to differentiate between viable and non-viable
viruses.
Non-IF methods for detecting viral antigens include membrane-based enzyme
immunoassay (EIAs) in cassette format,55 optical immunoassays (OIAs),38,55 and
immunochromatographic/lateral-flow (ICLF) systems.55 EIA and OIA methods use
enzyme-bound antibodies that produce a color change in the presence of viral antigens. In
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immunochromatographic/lateral-flow (ICLF) systems, the sample mixes with a colored
reagent and flows along a solid substrate using capillary action. The substrate has lines or
zones, some of which have been treated with antibodies. Depending on the presence or
absence of the antigen, the colored sample mixture can become bound to the test lines or
zones. The advantages of Non-IF methods are that they are easy to perform and are very
fast. The disadvantages are that Non-IF methods have poor sensitivity compared to cell
culture methods, they are unable to distinguish between viable and non-viable viruses,
and they are only available for respiratory syncytial virus (RSV) and influenza A and B
viruses.

2.4

Advanced Cell Culture with Antigen Detection
Shell vials are compact and designed to be placed in a centrifuge to speed viral

replication and the appearance of the cytopathic effect (CPE).55 For example, in cells
infected with herpes simplex virus (HSV), the CPE appeared 2.4 times faster when
centrifuged at 2 rpm and 6.8 times faster when centrifuged at 96 rmp. 65 Early pre-CPE
virus detection is also accomplished with IF antigen detection techniques. Using shell
vials increases the possibility of cross contamination; therefore, laboratory procedures
must be established to avoid this during sample inoculation, centrifugation, and
monitoring. With centrifugation, results from most viruses are available within 24–48
hours.
The disadvantage of centrifugation is decreased sensitivity compared to
traditional cell culture. One study reported72 that for detection of severe cytomegalovirus
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(CMV) in blood samples, both traditional cell culture and centrifuged shell vial tests are
necessary, since one often detects the virus when the other one doesn’t and vice versa.
Cocultivated cells55 incorporate the growth of multiple cell types in the same vial,
for simultaneous detection of multiple viruses. Again, early pre-CPE virus detection is
accomplished with IF antigen detection techniques. The advantages of cocultivated cells
are the need to maintain fewer cell types and detection of a wider range of viruses.
Another advanced technique is the use of transgenic cells which are genetically
modified.55 These are designed to produce an easily measurable enzyme when a specific
virus enters the cell. Although growth times are the same, the advantage is simplified
identification of specific viruses. Transgenic cells have been created for HIV-1 and
Herpes Simplex Virus (HSV)-2 but are not available for other viruses.

2.5

Nucleic Acid Amplification Tests
Nucleic acid amplification tests amplify viral DNA or RNA via polymerase chain

reaction (PCR).101 First, PCR uses high temperatures (94-98°C) to denature or separate
double-stranded DNA into two single-stranded DNA strands. Next the temperature is
lowered to 50-65°C and DNA primers anneal or hybridize with their complementary
DNA target. Two primers are used, one binding to one DNA strand and the other binding
to the complementary DNA strand. Third, a DNA polymerase such as Taq polymerase is
used to elongate the sequence of DNA downstream from the primer by adding
complementary deoxynucleotide triphosphates (dNTPs). PCR is generally performed for
20 to 35 cycles and produces millions of copies of the target DNA strand. For RNA
amplification, the RNA must be copied to DNA using reverse transcriptase. Real-time
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PCR can be performed in 2 hours and is very sensitive and specific. It is also useful for
viruses that can not be cultured. Three disadvantages of PCR are that it requires technical
expertise, is expensive, and will miss mutated viruses.

2.6

Other Methods
Other virus detection methods include optical methods and microresonators.

Optical immunoassay (OIA)38,55 is an antigen detection technique that relies on
differences in reflectivity of virus particles compared to virus particles bound to an
antibody. Other optical techniques3 use lasers to detect viral particles in the air using the
number, size, and shape of particles. The main disadvantage of this technique is lack of
specificity. Microresonators are micromechanical devices with small springs. The
resonant frequency changes due to addition of virus particles. The resultant mass
measurement provides means for virus identification. The disadvantage of this technique
is low specificity.
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CHAPTER 3
NOVEL INSTRUMENTATION USING IMAGE CHARGE DETECTION AND
SURFACE INDUCED DISSOCIATION FOR VIRUS DETECTION

3.1

Introduction
The novel instrumentation presented here couples image charge detection with

surface induced dissociation (SID) as given in Figure 1. The instrument used electrospray
ionization, a technique capable of producing charged, intact viruses. After ionization,
sample particles entered the vacuum through an aerodynamic lens which focused them
into a narrow beam and accelerated them to 100–300 m/s. After the aerodynamic lens, the
ionized samples passed through two skimmers necessary for achieving high vacuum.
Next, they were accelerated with pulsing electric fields of up to 10 kV. Following this,
mass and charge measurements were made using image charge detection, followed by
collision with a surface and analysis of the released capsid peptides using a reflectron
time-of-flight mass spectrometer with a microchannel plate (MCP) detector.

Figure 2. Image charge detection, surface induced dissociation mass spectrometer.
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This chapter will describe improvements on each component of the system, including
design decisions, alternative approaches tried, and the resultant performance observed.

3.2

Electrospray Ionization Source
Electrospray ionization23,28,41,44,45,47,66,85 is a robust, soft-ionization technique and was

chosen because of its ability to create intact, air-born virus particles from liquid
samples.13,27,34,35,58,82,89,92 This research sought to achieve complete desolvation, and began
by using smaller samples, since these have a lower mass-to-charge ratio. For samples that
are spherical and have a fixed number of charges per unit surface area, the mass-tocharge ratio decreases with decreasing radius, since surface area decreases more slowly
than volume as radius decreases. Since our accelerator uses electric fields to accelerate
electrosprayed sample particles, having less mass and more charge allows higher
velocities to be achieved. More specifically, the properties of electrospray droplets are
given by the following equations:23,36
1/ 2

3

R

4

Vf

1/ 2
0

q 0.5[8(

E

0

2/7

KE
R 3 )1/ 2 ]

2Vc
rc ln( 4d / rc )

(9)

(10)
(11)

where R is droplet radius, q is droplet charge, E is the applied electric field at the
capillary tip,
0

is the surface tension of the solvent,

is the permittivity of the solvent,

is the permittivity of vacuum, V f is the flow rate of the solution, K is the conductivity

of the solution, Vc is the applied voltage, rc is the capillary outer radius, and d is the
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distance from the capillary tip to the counter-electrode. While the above equations are
based on unproven assumptions about the electrospray mechanism,62 they nevertheless
give predictions of the right order of magnitude and provide information for achieving
small electrospray droplets. For this research, achieving complete desolvation required
low flow rate ( V f ), a high voltage ( Vc ), and a small capillary outer radius ( rc ).
Many different types and sizes of electrospray capillaries were employed for this
research. These were composed of stainless steel, fused silica, and a nickel-cobalt alloy.
The stainless steel capillaries were prepared from tubing with inner diameters (i.d.)
ranging from 38.1 to 63.5 μm. These were prepared by fastening the tubing in larger 1/16
inch outer diameter (o.d.) tubing with epoxy. The tips were then manually sharpened with
a drill press and sand paper. Later, fused silica capillaries were obtained from Polymicro
(Phoenix, AZ). These were also secured into the same 1/16 inch o.d. tubing with epoxy.
The capillary tips were then sharpened according to a procedure in the literature46
involving chemical etching with hydrofluoric acid (HF). As the fused silica tips were
dipped in the HF, water was pumped through the inside of the capillary. This allowed the
HF to eat the outside of the immersed section of capillary, while the flow of water
protected the inner part of the capillary from the acid. The result of this procedure was
atomically-sharp capillary tips with inner diameters of 20, 10, and 5 μm. One
disadvantage of the fused silica capillaries is their poor electrical conductivity compared
to stainless steel. For this reason, it was advantageous to have fused silica capillaries
protruding shorter distances from the larger 1/16 inch o.d. stainless steel tubing in which
they were housed. The use of concentrated HF also required special equipment and
training to ensure proper safety. Nickel-cobalt tubing was obtained from Valco
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Instruments Inc. (Houston, TX) and had an i.d. of 25.4 μm and an o.d. of 360 μm. These
tips were manually sharpened in the same manner as the stainless steel capillaries. The
large o.d. made this tubing rigid and thus easier to work with than the stainless steel or
fused silica. Also, the nickel-cobalt alloy is electrically conductive. In addition, Valco
Instruments later sent us custom-made tubing with reduced i.d. of 5 μm and 2 μm, as well
as machine-sharpened 25.4 μm i.d. tubing. Of the stainless steel, fused silica, and nickelcobalt electrospray capillaries, the stainless steel tubing experienced the least problems
with clogging. The most commonly used size was the 63.5 μm i.d. capillary which never
clogged. The fused silica capillaries were very sharp, though clogging was quite
problematic. The nickel-cobalt capillaries had problems with clogging as well, though
these were easier to make and clogging occurred less-frequently than the fused silica,
especially with the 25.4 μm i.d. size.
Two additional techniques for achieving complete desolvation used heated gas.
The first involved connecting a heated stainless-steel capillary to the inlet of the vacuum
system, so that electrosprayed particles entering vacuum would have to pass through this
and be desolvated by the heated air inside. The capillary was 10 cm long with an i.d. of
0.01 inch or 254 μm. It was heated by passing a current through heating wire wrapped
around the outside, until the temperature was in the range of 100–175 ˚C. To ensure
proper vacuum, a small Viton o-ring formed a three-way seal between the heated
capillary and two metal plates as depicted in Figure 3.
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Figure 3. Heated desolvation capillary.

The second method used for desolvation involved the use of heated nitrogen (N2)
gas near the electrospray source. The gas flowed around the electrospray capillary, with
faster flow near the tip as depicted in Figure 4.

Figure 4. Desolvation with N2 gas.

The material enclosing the gas near the capillary tip was made of non-conducting Teflon
to ensure the spray was only attracted toward the vacuum inlet. The temperature of the
gas was 100–175 ˚C. The flow rate of the gas was measured using a bubble meter with
the electrospray turned off.
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The last electrospray setup made was a filling needle with heated N2 desolvating
gas. With this setup, the electrospray fluid was pumped through 20 μm i.d. fused silica
tubing inserted into a large, 22 gauge (0.0253 inch i.d.) stainless steel filling needle
through which the heated N2 gas flowed. The fused silica extended almost to the end of
this stainless steel needle. The large droplets produced by the voltage applied to the
stainless steel needle were desolvated with the N2 gas as depicted in Figure 5.

Figure 5. Filling needle electrospray source.

Commercial instruments are built with specially manufactured tips similar to this filling
needle, and desolvation is enhanced by the small i.d. of the needle through which the gas
flows. Such instruments also obtain better desolvation by placing the electrospray source
slightly off-axis with the vacuum inlet. Filling needle type setups like this one have the
advantage that they produce very good desolvation and do not require sharpening of the
capillary tip. They also can have higher fluid flow rates and require a lower N2 gas load
compared to the setup in Figure 4 because of the smaller i.d. needle. Replacing clogged
fused silica tubing in the filling needle is also very simple. Both the filling needle setup
and a small i.d. sharpened electrospray tip with a heated capillary are sufficient to achieve
complete desolvation.
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This experiment was designed to accommodate electrospray solutions composed
of biological and non-biological samples. One non-biological sample contained 240 nm
diameter amino-polystyrene microspheres prepared according to procedures in a previous
study of 910 nm diameter amino-polystyrene microspheres.19 These 910 nm particles
were prepared in a 4:1 methanol:water mixture with a pH reduced to 3.9 using acetic
acid. The concentration of the particles was 0.05% (w/v) or 1.2 109 particles/ml. Using
this low concentration ensured there was, at most, one sphere per electrospray droplet,
though the authors state that concentrations an order of magnitude higher are also
sufficient. The results from electrospray mass spectrometry of the 910 nm spheres
demonstrated numbers of elementary charges in the range of 102 to 103, producing
surface charge densities between 3.8 10-6 and 3.8 10 7 elementary charges per square
angstrom. With charges per surface area in this range, the number of elementary charges
on 240 nm diameter amino-polystyrene spheres lies between 7 and 70. With the given
density of 1.05 g/cm3, their mass to charge ratios lie between 6.6 107 and 6.6 108
daltons per elementary charge. This reported charge per surface area ratio is unusually
low, considering that the maximum charge per surface area predicted by the Coulomb
repulsion model is about three orders of magnitude higher. 45
Electrospraying viruses required obtaining virus samples as well as determining
the appropriate solvent to use. Virus capsids will dissolve in concentrated methanol
solutions with low pH, so finding a less corrosive solvent and appropriate pH levels was
necessary. In one study of MS2 virus,92 the viruses were electrosprayed from neutral pH
water in the absence of buffer from a specially-prepared gold-plated borosilicate needle
with a nanoflow rate and a virus concentration of 5 μM or 3 1015 particles/ml. This

34

concentration was the highest observed in the literature. In a study of tobacco mosaic
virus (TMV) and rice yellow mottle virus (RYMV),82 the samples were desalted by
centrifugal filtration and resuspended in distilled water. In a study of Cricket Paralysis
Virus (CrPV),27 the virus particles eluted through a chromatographic column and were
then immediately electrosprayed. Depending on the time of elution, the solvent was some
combination of water and acetonitrile, with 0.1% trifluoroacetic acid (TFA). One study104
employing SID states that electrospraying biological samples is best done in water at
neutral pH. It was recognized that use of a water solvent would not work with the filling
needle electrospray setup, but the stainless steel, fused silica, or nickel-cobalt capillaries
with a nanoflow rate and heated capillary were deemed sufficient.
Virus samples of coliphages ΦX174 and T4 were obtained from Carolina
Biological in Burlington, NC. As stated, ΦX174 is icosahedral with a diameter between
22–33 nm and a mass of 6.43 MDa. The T4 virus has a head that is prolate in shape with
a diameter between 78 and 111 nm, and a mass of about 320 MDa. T4 also has a tail with
a length of 113 nm and a width of 16 nm. The reported concentration of ΦX174 virus
sample was 9 109 particles/ml. Examination of the ΦX174 sample under an electron
microscope showed no visible capsids, after which procedures were undertaken to
replicate and concentrate the virus. A kit was ordered from Carolina Biological with
materials for replicating both ΦX174 and T4 in their E. coli hosts. Growing E. coli
required multiple attempts, as did replicating the viruses. After replication, purification of
the product was required. Information for purification of the ΦX174 products was found,
though purification was not completed. Other virus samples were found, however,
including a Hepatitis B procapsid, and a satellite tobacco mosaic virus.
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3.3

Image Charge Detection
The image charge detector was used to obtain the first mass-to-charge

measurements in this tandem mass spectrometer and was one of the first components to
be successfully tested. The charge sensitive preamplifier was an Amptek (Bedford, MA)
A250 on a PC 250 circuit board, and the amplifier was an Ametek/Signal Recovery (Oak
Ridge, TN) 5113 model. As indicated in Figure 6, the first charge detector design
consisted of three cylinders parallel to the particle beam axis, each having a 38.1 mm
length and a 5.35 mm i.d. The center cylinder was connected to the preamplifier, and
shielding was provided by the outside stainless steel casing as well as the two outside
cylinders.

Figure 6. Image charge detection instrumentation.

Initial testing of the A250 and amplifier was done with a low voltage pulse
generator and a voltage divider connected to the A250. With the oscilloscope trigger
using the pulse generator signal, the amplified A250 signal was observed to have the
same frequency with averaging at only 10 sweeps. While testing in vacuum, it was first
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determined that electrosprayed particles were reaching the detection region by using a
Faraday detector and a picoammeter. The charge detector was then used to detect the
electrosprayed particles with the A250 and amplifier. An example signal is given in
Figure 7.

Figure 7. Image charge detector signal from a positively charged electrospray particle.

The time between the negative and positive peaks approximates the time required for the
particle to pass through the detection cylinder and can be used to calculate particle speed.
The amplitude of the positive and negative peaks is proportional the charge on the
particle. More specifically, the A250 preamplifier2 produces a voltage:
V0

QD
Cf

(12)

having a decay time constant:
τf

Rf
Cf

(13)
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where QD is the total charge seen during the pulse, Cf is a feedback capacitor, and Rf is a
feedback resistor. Achieving large V0 and

f

values requires having Cf as small as

possible and Rf as large as possible. Values used for these were 1 pF and 1 GΩ,
respectively. Later, Cf was lowered to 0.1 pF. The number of charges on a particle can be
calculated by rearranging equation 12 as follows:
QD

V0 C f

Vs
Vg

Cf

(14)

where Vs is the voltage on the oscilloscope and Vg is the gain on the amplifier. This
calculation assumes the current seen equals the charge on the particle. A better approach
would be to calibrate the charge detector by measuring the charge on a particle carrying a
known number of charges and then scale other measurements by the same constant.
Calibration was also discussed in one study,33 though they do not appear have used an
A250. For a particle accelerated through a known voltage, the mass can be calculated by
rearranging equation 2 from section 1.3 as follows:

m

2QDV
v2

(15)

where V is the known voltage and v is velocity due to acceleration through the voltage.
For this experiment, acceleration from the aerodynamic lens also had to be accounted for
(see appendix).
Significant electrical noise was encountered when the charge detector was used in
vacuum with the electrostatic accelerator and the turbo pumps used to reaching the high
vacuum required by the MCP detector. The turbo pumps spin at 860 rps, and the
frequency of the observed noise was 860 Hz. Setting the frequency filter on the Ametek
amplifier to allow only 30–300 kHz signals reduced the noise but did not remove it
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entirely. The accelerator pulses at 10 kV every 0.00127 s, producing very short, mainly
downward spikes in the charge detector signal. An example of the noise is given in
Figure 8. In this signal, much of the accelerator noise has been removed by wrapping the
charge detector and other wires with aluminum foil, though some downward spikes are
still present.

Figure 8. Image charge detector signal with turbo pump and accelerator noise.

Setting the oscilloscope trigger slightly above the turbo pump noise allowed particles to
be observed. Special software was also written to automatically process charge detector
signals and produce particle velocities and amplitudes. This software removed the
accelerator spikes with a median filter before looking for maxima and minima.
Much time was spent trying to achieve higher particle speeds, which involved
detection of smaller particles with lower mass-to-charge ratios. This was difficult, first
because it required setting the oscilloscope trigger below the level of the turbo pump
noise. Second, the error in the Amptek A250 is 100 electrons RMS. The 240 nm aminopolystyrene spheres that were often used had numbers of elementary charges between 7
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and 70 making them difficult to detect. The spheres also had high mass-to-charge ratios
making them difficult to accelerate.
At first, only the charge detector resided in vacuum, and the A250 and amplifier
were outside vacuum. Later, the A250 was placed in vacuum very close to the charge
detector. This did not reduce the noise significantly. It was then discovered that cell
phones generate signals in the charge detector with the same shape as those produced by
electrosprayed particles. The distance between positive and negative peaks is always the
same with cell phone signals. This discovery led to the realization that radio frequency
interference (RFI) or electromagnetic interference (EMI) was causing noise in the charge
detector signal. While any sufficiently conductive material such as stainless steel will
block static electric fields, stopping static magnetic fields cannot be done with a simple
conductive material, although magnetic flux lines can be redirected by introducing eddy
currents using a high permeability or magnetic material.74 When blocking
electromagnetic waves, the skin depth, or the distance for an electromagnetic wave to be
attenuated 1/e or 37%, depends on the frequency of the wave and the material:94

1
f

(16)

where f is frequency in MHz, μ is relative permeability, and σ is conductivity relative to
copper in the International Annealed Copper Standard (IACS). Skin depth increases and
absorbance decreases at lower frequencies with lower permeability and conductivity
materials. Therefore, materials like copper, aluminum, or mild steel are better than
stainless steel for absorbing lower frequency electromagnetic waves. For this reason, the
stainless steel casing enclosing the charge detector was replaced with copper. In addition,
the Ametek 5113 amplifier was replaced with an Amptek 275 amplifier, with three of
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these units residing on a PC275 circuit board. The new copper casing allowed the charge
detector, the A250 pre-amplifier, and the A275 amplifier to all reside in vacuum very
near one another. Wrapping all wires in aluminum foil, including those connecting the
accelerator and the microchannel plate (MCP) detector also reduced noise. Wrapping
MCP wires with foil also reduced accelerator noise in the MCP detector to acceptable
levels. Turbo pump noise was not observed in the MCP detector. In addition, a thin sheet
of copper was placed in-vacuum after the accelerator to help contain noise near the
source.

3.4

Aerodynamic Lens
The aerodynamic lens in this instrument served to focus electrosprayed particles

into a narrow beam and improve the efficiency with which they passed through the submillimeter sized skimmers. Aerodynamic lenses,56,57,97,98,99,100,105,106 depicted in Figure 9,
consist of a number of spacer chambers separated by lenses each with a small millimetersize orifice in the center.

Figure 9. Aerodynamic lens schematic. “Aerosol Science & Technology:
A Design Tool for Aerodynamic Lens Systems. Aerosol Sci. Technol.”(40):
320–334. Copyright 2006. Mount Laurel, NJ. Reprinted with permission.99
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The region before the aerosol inlet was at atmospheric pressure, and the pressure after the
last spacer was in the millitorr range, with each lens serving to lower the pressure and
focus particles. Inside the last chamber was an accelerating nozzle. Its purpose was to set
the operating pressure, accelerate the particles, and minimize particle divergence angles. 99
Wang and McMurry developed lens calculator software to assist in the design of
aerodynamic lenses.99,100 This lens calculator used three measures of performance: beam
diameter, transmission efficiency, and particle flow terminal velocity. Beam diameter is
defined as the diameter enclosing 90% of the particles. Transmission efficiency is the
percentage of particles retained in the beam. Particle terminal velocities are the final
velocities of particles after passing through all lens elements. Adjustable parameters in
the lens calculator include the starting and ending pressures, flow rate, particle density
and diameter, orifice diameters, and spacer diameters and distances. The input parameters
used to obtain lens dimensions for this instrument are given in the appendix.

3.4.1 Beam Contraction in Aerodynamic Lenses
An aerodynamic lens element reduces the particle beam width as particles pass
through the orifice. As described by Lui, et. al.,56 the radial location of a particle can be
described as a function of the distance d after the orifice or rp (d ) . As a particle
approaches the lens orifice, it follows a streamline at radial location r0 (- ) . After
passing through the lens, the particle radial location rp ( ) diverges from the streamline
radial location r0 ( ) as indicated in Figure 10.
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Figure 10. Beam contraction in an aerodynamic lens element. “Aerosol Science &
Technology: Generating Particle Beams of Controlled Dimensions and Divergence: I.
Theory of Particle Motion in Aerodynamic Lenses and Nozzle Expansions. Aerosol Sci.
Technol.”(22): 293–313. Copyright 1995. Mount Laurel, NJ. Reprinted with permission.56

One way of measuring the difference in beam width before and after an orifice is the
particle stream contraction factor η defined as:
rp ( )
r0 ( )

(17)

An aerodynamic lens functions optimally when the particle stream contraction factor η
approaches zero. The particle contraction factor η is a strong function of the Stokes
number (St):

St

V0 τ
df

where V0 is the initial particle velocity,

(18)

is the relaxation time or the time for a particle

to reach 1/e of its terminal velocity, and df is the orifice diameter. The quantity (V0 ) is
called the stopping distance of the particle. The particle contraction factor η relates to the
Stokes number (St) as follows:
|η| ≈ 1 when St << 1,
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|η| < 1 when St ≈ 1
|η| > 1 when St >> 1.
There is an optimal stokes number (St0) for which η = 0. The optimal Stokes number is a
function of the flow Reynolds number, Mach number, and lens geometry.56,99,105

3.4.2 Aerodynamic Lens Calculator Assumptions
The lens calculator assumes that particles are spherical and electrically neutral.
Though particles in this application were charged, the concentrations of particles were
not deemed high enough to be a cause for concern. The lens calculator also assumes that
the flow is well-behaved, or that it is subsonic, continuum, and laminar. Subsonic
conditions occur when the Mach number is less than one:

Ma

u
c

Ma* 1

(19)

where u is the flow velocity, and c is the speed of sound in the medium, and Ma* is the
Mach number of choked flow97 and is close to one.
Laminar flow, the opposite of turbulent flow, occurs when a fluid flows in parallel
layers with no disruption between the layers. More specifically, laminar flow occurs at
low Reynolds numbers. The authors of the lens calculator use a Reynolds number of 200
as the cut off, so that laminar flow occurs according to the condition:
.

Re

4m
df

200

(20)

.

where m is the mass flow rate, μ is the carrier gas viscosity, and df is the orifice
diameter.
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Continuum flow occurs with low Knudsen numbers, and the authors of the lens
calculator use 0.1 as the cut-off value. Therefore,
Kn

2
df

0 .1

(20)

where λ is the mean free path of the gas molecules upstream of the orifice, and df is the
orifice diameter.

3.4.3 Brownian and Lift-Force Broadening
Two effects contributing to beam broadening are Brownian and lift-force
broadening.56 Brownian broadening is the freezing of random, radial particle motion as
particles pass through a lens orifice. At higher pressures, the gas particle collision rate is
high. Though particles collide, they may be considered to follow a generally straight path.
As the pressure drops, however, collisions become significantly less frequent. Whatever
radial motion a particle had before the orifice becomes frozen after it passes through the
orifice into a lower pressure chamber. This freezing of particle radial motion creates
Brownian broadening as illustrated in Figure 11. The distribution of radial particle speeds
approximates the Boltzmann distribution.
Lift forces also contribute to broadening in beams composed of non-spherical
particles. Lift forces are the sum of the fluid dynamic forces acting on a body that are
perpendicular to the direction of the external flow relative to the body. An example of lift
is seen in the wing of an airplane. As air moves horizontally over a wing’s surface, the
shape of the wing creates a higher pressure below the wing compared to above the wing,
thereby creating lift.
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Figure 11. Brownian broadening due to random radial motion. “Aerosol Science &
Technology: Generating Particle Beams of Controlled Dimensions and Divergence: I.
Theory of Particle Motion in Aerodynamic Lenses and Nozzle Expansions. Aerosol Sci.
Technol.”(22): 293–313. Copyright 1995. Mount Laurel, NJ. Reprinted with permission.56
Mathematical models56 demonstrate how lift forces affect objects of differing
shapes including cylinders, discs, spheroids, and cuboids. For simplicity, these models do
not consider object rotation, but assume objects are positioned at a given angle with
respect to fluid flow. These studies show that lift force broadening generally is greater
than Brownian broadening. This suggests that particle beam widths will be greater for
irregularly shaped particles such as the long, helical tobacco mosaic virus.

3.5

Electrostatic Particle Accelerator
The electrostatic particle accelerator, depicted in Figure 12, consists of two

cylinders with the first pulsing between ground and high voltage. The maximum allowed
voltage on the pulse generator was 10 kV.
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Figure 12. Electrostatic particle accelerator.

Ideally, charged particles enter the first cylinder when it is uncharged, and the cylinder
becomes charged while the particle is inside. In this case, the charged particle does not
experience an electric field because it is in the center of the cylinder. As, the particle
leaves the cylinder, it experiences an electric field and is accelerated toward the second
cylinder which is at ground. No more than half the particles can be accelerated, since
some particles try to enter the cylinder when it is charged. The timing of the accelerator
must be adjusted to match the average velocity of the incoming particles.
Simulations were done modeling how particles passed through the accelerator
using SIMION 7 software.64 These results showed that particles were required to be in the
very center of the accelerator in order to reach the detector. Alignment of the
aerodynamic lens with the two skimmers and accelerator was therefore deemed crucial.
The alignment was checked by removing the mass spectrometer, shining an LED light
through the system, and observing the light on the other side. Alignment of the end of the
aerodynamic lens closest to the first skimmer was achieved via tight fit and well
machined components. Alignment of the other end was achieved via the alignment
screws on the front of the instrument which changed the direction the aerodynamic lens
pointed. The second skimmer was more difficult to align with the first skimmer, since it
resided on a disk separating two vacuum chambers. After manual adjustment, the LED
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light was observed passing through these components without significant deviation
vertically or horizontally. The accelerator and second skimmer were attached to same
plate, and accelerator alignment with the second skimmer was achieved via tight fit and
precise machining.
In addition to checking the alignment with the LED light, a Faraday detector was
built to check the alignment. This detector had a circular center plate and three side plates
as depicted in Figure 13.

Figure 13. Faraday detector used for alignment.

These four plates were separated from one another by thin metal walls over an inch high
to prevent particles from colliding with multiple plates. This Faraday detector was placed
in vacuum temporarily to check alignment. The Amptek A250 preamplifier and the
Ametek 5113 amplifier were attached to each of these plates, and individual particles
were counted. Observing on which plate more particles impacted allowed the alignment
to be fine-tuned. After this process, particles were still observed impacting on all three
plates, though a greater number of particles was observed on the center plate.
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As a result of the wide particle spread observed with the Faraday detector, wire
mesh grids having 45 wires per inch were placed on the end of the accelerator cylinder
and the start of the ground cylinder. Figure 14 shows SIMION64 simulations with grids
being absent or present on the two cylinders.

Figure 14. SIMION simulation of particles passing through the accelerator at different
radial distances. Simulation (a) was without grids; (b) was with one grid on the ground
cylinder; (c) was with a grid on the high voltage cylinder; (d) had grids on both cylinders.

As indicated, having grids on both the high voltage and ground cylinders circumvented
the requirement for particles to be in the center of the accelerator, though passage through
each grid caused particle losses of about 10%.

3.6

Mass Spectrometer
Two different time-of-flight (TOF) mass spectrometer setups were used in this

experiment. The first was a reflectron consisting of an impact plate and several cylinders.
A cross section of the reflectron is depicted in Figure 15.7
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Figure 15. Reflectron mass spectrometer cross section.

The detector used was a microchannel plate (MCP) 25mm z-gap detector from R. M.
Jordan (Grass Valley, CA). A VT120 Fast Timing Preamplifier from Ortec (Oak Ridge,
TN) was used with this MCP detector.
Initial tests were done by placing the mass spectrometer in a vacuum chamber
separate from the other parts of the instrument. The impact plate, made of tantalum, was
coated with cesium iodide (CsI) salt. A 337 nm laser was fired at the plate through a
window to generate ions. Ions were estimated to leave the impact plate with roughly 50
eV of kinetic energy.95 A SIMION64 simulation demonstrating how ions pass from the
impact plate through the reflectron to the detector is given in Figure 16. The mass-tocharge ratio of ions only affects the flight time of the ions and does not affect their flight
path. The path of the ions depends on the angle with which they leave the impact plate.
As indicated, ions leaving the impact plate at angles perpendicular or near-perpendicular
to the plate do not reach the detector.
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Figure 16. SIMION simulation of laser generated ions in the reflectron.

An example signal is given in Figure 17. As indicated, the amplitude of the signal
is negative. The large peak near time zero is electrical noise from the laser pulse and
indicated time zero.

Figure 17. Example MCP signal obtained with the reflectron.
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Figure 18 is the mass spectrum obtained by inverting the signal and converting the x-axis
from flight time to mass-to-charge ratio using equation 2 given in section 1.3. As
indicated, not all of the Cs+, Cs2+ and Cs2I+ ions were observed in every signal. A
histogram showing frequencies of observed peaks from 300 spectra is presented in Figure
19. As expected, the most frequently observed peak is from Cs+; the Cs2+ peak is less
frequent; and the Cs2I+ peak is observed the least.

Figure 18. Example CsI mass spectrum obtained with the reflectron.
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Figure 19. Histogram from 300 CsI spectra obtained with the reflectron.

The measured flight times were compared with calculated flight times obtained using
SIMION.64 These are presented in Table 3.

Table 3. Calculated and measured flight times for the reflectron.
Exact Mass (amu):
SIMION Calculated Flight Time (µs):
Measured Flight Time (µs):

Cs+
132.905
4.708
4.825

Cs2+
265.811
6.657
7.215

Cs2I+
392.715
8.092
8.255

Cs2+/Cs+ Ratio
1.414
1.495

Cs2I+/Cs+ Ratio
1.719
1.711

Observed flight times are slightly greater than expected from calculations. One
contributing factor is imperfections in machining and/or measurements of machined
parts. Another may be that calculated flight times were obtained from ions leaving the
impact plate at a single angle with exactly 50 eV of energy, which may not accurately
reflect the experiment. In reality, particles will leave with some distribution of kinetic
energies and a variety of angles, causing deviation from the expected flight times.
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Unshielded wires running to high voltage components could also introduce anomalies in
flight times.
Another difficulty was impedance ringing observed in the signal. For example,
the enlarging Cs+ peak from Figure 17 is given below in Figure 20. This impedance
ringing was reduced by modifying the lengths of cables between the MCP detector and
amplifier, though some ringing was still present.

Figure 20. Enlarged Cs+ peak from Figure 17 showing impedance ringing.

Ions generated when electrosprayed particles hit the impact plate have about 1–2
eV of energy when they leave the plate.37 A simulation of the flight path of these ions
shows that they are not able to reach the detector. Instead they follow a path similar to the
ions in Figure 16 that leave the impact plate at an angle perpendicular to the plate.
As a result of this design flaw, a second mass spectrometer setup was created as
depicted in Figure 21. This setup consisted of an impact plate and an Einzel lens to focus

54

particles. The Einzel lens had three cylinders with the middle cylinder at about 2 kV and
the two outside cylinders at ground. To achieve improved resolution, this setup required a
longer distance between the impact plate and the detector compared to the reflectron.
This setup was also tested with the laser and yielded results similar to those obtained with
the first or reflectron setup.

Figure 21. Second mass spectrometer setup.

Proper alignment with this system required many manual adjustments since the second
half of the instrument was positioned at an angle relative to the first half. While tests with
the laser were successful, alignment issues prevented this mass spectrometer from being
used successfully with the electrospray. While the impact plate could be easily aligned
with the electrospray particle beam, it was not possible to align the particle beam to
prevent particles from hitting the Einzel lens before reaching the impact plate.
A solution to the problem with the first mass spectrometer was discovered,
however. Since in this mass spectrometer, ions leaving the impact plate with 1–2 eV of
energy were not able to reach the detector but again collided with the surface, the impact
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plate was tilted at an angle of about 10 degrees. SIMION simulations64 as displayed in
Figure 22 show that ions leaving the impact plate with 1 eV always reach the detector, no
matter the angle with which they leave the plate.

Figure 22. SIMION simulation of ions with 1 eV passing from a tilted
impact plate to the detector in the reflectron mass spectrometer.

Another improvement to the mass spectrometer design included the use of better
surfaces. In addition to a conductive diamond surface, fluorinated self-assembled
monolayer (SAM) surfaces were prepared according to a well-established procedure.4
Specifically, these were prepared by depositing a 200nm layer of gold on clean
0.25 0.25 inch silicon wafers. These gold wafers were cleaned in a Harrick plasma

cleaner for 1 minute and immersed in 1mM solution of 1H,1H,2H,2Hperfluorododecane-1-thiol in 200 proof ethanol for 24 hours in the dark. As a control, a
plasma cleaned gold wafer was immersed in ethanol under the same conditions. The
quality of the surfaces was observed by measuring the contact angle of a distilled water
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droplet on each surface. Measured angles were in the range of 116–119˚ which is in close
agreement with the expected contact angle of 117˚.5
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CHAPTER 4
RESULTS AND CONCLUSION

4.1

Results
All of the instrument’s major components have been developed, including the

electrospray source, aerodynamic lens, accelerator, image charge detector, impact
surface, and MCP reflectron mass spectrometer. Four different types of electrospray
capillaries were constructed including stainless steel, fused silica, nickel-cobalt, and
filling needle capillaries. Two different desolvation techniques were employed including
a heated capillary, and heated N2 desolvating gas. This electrospray setup is capable of
spraying both non-biological and biological samples including viruses.
The aerodynamic lens was successfully designed and tested, with electrosprayed
particles observed passing through the lens. Alignment of the aerodynamic lens with the
two skimmers and accelerator was successful, as determined by visual inspection with the
LED light and by observing electrosprayed particles hitting the Faraday detector. The
accelerator was also developed by adding grids on the high voltage and ground cylinders,
allowing even poorly-centered particles to be accelerated.
The image charge detector measured the velocity, mass, and charge of
electrosprayed particles after they passed through the aerodynamic lens and accelerator.
Most of the noise from the accelerator was removed, and the noise from the turbo pumps
was significantly reduced. The newest copper casing for the image charge detector was
finished although time has not permitted a complete test from being performed. Future
work should involve testing the performance of this new detector.
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Both mass spectrometer setups were successfully tested with the laser using a CsI
coated impact plate. Simulations of the reflectron mass spectrometer with a tilted impact
plate show that product ions from electrosprayed particles successfully reach the detector,
independent of the direction from which they leave the impact plate. Time limitations
have prevented experiments with the tilted impact plate from being performed. Future
work should involve testing this mass spectrometer setup with the new charge detector.
Testing was done with the second mass spectrometer setup with electrospray
using a concentrated ammonium acetate solution in a 4:1 methanol, water mixture at pH
3.9 to see if a signal could be observed. Triggering with the image charge detector signal
and looking for a mass spectrum at the time when samples were expected to reach the
impact plate seemed to work well. Particles hitting the Einzel lens prevented a mass
spectrum from being observed with this setup, though the reflectron mass spectrometer
setup should produce a mass spectrum with a tilted impact plate. Since a mass spectrum
has not been observed with the electrospray using a concentrated ammonium acetate
solution, no attempt has yet been made to electrospray viruses. Suitable virus samples
were obtained, however, and future work should involve tests with real viruses.

4.2

Conclusion
While time constraints prevented some components of the instrument from being

completed, this research represents an important foundation on which exiting future work
may be based. Currently, there is no automated, sensitive technique that will detect any
known virus accurately and quickly. This technique is a fast, automated method that has
the potential to do this. It is an automated technique, which in theory could detect a virus
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with only a few virus particles present. The speed of detection is only limited by the fluid
pumping speed and the size of the sample. The use of capsid structural information
makes this technique very accurate. While virus mutations are frequent, these typically do
not significantly change the masses of capsid proteins, making this technique very robust.
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Appendix
Aerodynamic Lens Dimensions
The input parameters used by the lens calculator for designing the aerodynamic
lens are given in Table 4. With these, the lens calculator produced the lens dimensions in
Table 5 which were modified slightly to simplify machining. The lens calculator does not
specify the inner diameter(dt) or length(Lt) of the acceleration nozzle, though the lens
calculator article99 recommends using dt = 2dn and Lt = ds, where dn is the inner diameter
of the last lens and ds is the spacer inner diameter. A better design for smaller particles is
given in the literature.56

Table 4. Design input parameters for the aerodynamic lens calculator.
Properties of Carrier Gas (Air)
Mass

Lens Conditions

28.964 g/mol

Number of lens elements (n)
(excludes inlet and outlet orifices)

5

1.4

Pressure before inlet

644.38 torr (85,910 Pa)

Viscosity

1.83x10 Pa s

Pressure before nozzle (optional)

(not specified)

Sutherland constant

110.4 K

Pressure after nozzle

0.20252 torr (27 Pa)

Mean free path

67.4 nm

Volumetric flow rate

0.1 slm

Operating temperature

300 K

Detector distance

20 mm

Specific heat ratio
-5

Particle Properties
Density

1,300kg/m3 or 1.3 g/cm3

Diameter range

38-500 nm

Table 5. Lens dimensions in inches produced by the aerodynamic lens calculator.
Lens Number

Diameter

Modified Diameter

0
0.005
1
0.146
2
0.136
3
0.124
4
0.108
5
0.073
6
0.097
Spacer Inner Diameter
Modified Spacer Inner Diameter

0.005
0.147
0.136
0.120
0.106
0.073
0.096

Accelerating Nozzle Length
Modified Accelerating Nozzle Length
Accelerating Nozzle Inner Diameter
Modified Accelerating Nozzle Inner Diameter

Spacer Length

Modified Spacer Length

2.528
1.620
1.715
1.853
2.097
2.955
NA

2.750
1.600
1.700
1.850
2.100
2.950
NA
0.584
0.750
0.584
0.900
0.194
0.192
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The lens calculator has a design and a test mode. After the parameters in Table A.2 were
used to design the aerodynamic lens, the design modified for machining was tested using
particles having a wide range of densities and diameters. The results are presented in
Figures 23, 24, and 25.
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Figure 23. Estimated beam diameters for the aerodynamic lens.
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Figure 24. Estimated terminal velocities for the aerodynamic lens.
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Figure 25. Estimated transmission efficiencies for the aerodynamic lens.
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